Leishmania is a protozoan parasite responsible for leishmaniasis, a complex of diseases classified according to the different clinical manifestations as cutaneous, invalidant mucocutaneous, and fatal visceral leishmaniases (11) . Chemotherapy constitutes the real means of control of all forms of leishmaniasis (6) . Unfortunately, the standard drugs administered parenterally, including pentavalent antimonials, amphotericin B, and paromomycin, are toxic and expensive. Moreover, the emergence of resistance to antimonials is now a widespread phenomenon, and almost all these standard treatments are relatively inefficient against leishmaniasis-human immunodeficiency virus coinfection (7) . Therefore, the chemotherapy must be improved by developing new efficient, available, and less toxic drugs. Hexadecylphosphocholine (HePC), or miltefosine ( Fig. 1) , is an alkylphosphocholine initially used for its antitumoral properties, particularly against breast cancer metastases (31). HePC has also been developed for the treatment of visceral leishmaniasis (30) . It proved to be the first drug orally active against visceral leishmaniasis, including antimony-resistant cases (12) , and also against cutaneous leishmaniasis (29) . Moreover, it is hoped that HePC can be used as a treatment for human immunodeficiency virus-Leishmania coinfection (20) . HePC was registered in India in 2003 and in Germany in 2004 for the treatment of visceral leishmaniasis.
The parasite plasma membrane is the unique pharmacokinetic interface between the host and the parasite machineries, and various exchanges take place through this membrane. A defective inward translocation of miltefosine was demonstrated in Leishmania donovani (21) , and the HePC transporter was cloned and characterized as a P-type ATPase (22) . In addition, because HePC is an amphiphilic molecule, it could interact directly with the cell membrane. We have demonstrated that HePC can insert easily within a phospholipid monolayer, and we found a condensation effect with sterols (25) . Moreover, HePC has been described to affect lipid metabolism in cancer cells (8, 9, 13, 14) and in rat neurons (23) .
In the study described in this paper, we attempted to verify this assumption for Leishmania by determining the lipid compositions of HePC-treated parasites versus those of nontreated ones, because the finding of a difference in the membrane lipid composition of Leishmania might lead to the identification of an HePC target at the level of lipid metabolism.
MATERIALS AND METHODS
Chemical compounds. HePC (miltefosine) was from Zentaris (Frankfurt, Germany). Bis(trimethylsilyl)trifluoroacetamide and boron trifluoride etherate were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France).
Parasite strains and culture. Promastigote forms of wild-type (WT) Leishmania donovani LV9 (MHOM/ET/67/HU3) clone and L. donovani HePC-R, an HePCresistant line able to grow up to a concentration of 40 M HePC (28), were grown in medium 199 (Sigma-Aldrich, Saint-Quentin Fallavier, France) supplemented with 10% inactivated fetal calf serum (Invitrogen, Eragnie, France), 40 mM HEPES (VWR, Paisley, Scotland), 100 M adenosine (Sigma-Aldrich), and 0.5 mg/liter hemin (Sigma-Aldrich) in the presence of 50 g/ml gentamicin at 26°C in a dark environment. Drug pressure (40 M HePC) was added for strain HePC-R.
For lipid analysis, L. donovani promastigotes were cultured in Erlenmeyer flasks at an initial density of 10 6 promastigotes/ml in 1 liter of the medium defined above. The flasks were placed in an orbital incubator under continuous shaking (150 rpm) at 26°C. HePC treatment was performed with the culture of the WT strain by adding 1 M or 10 M HePC aqueous solution 48 h before the promastigotes were harvested.
At the end of logarithmic phase, WT and HePC-treated promastigotes were harvested by centrifugation at 4,000 ϫ g at 4°C and washed three times with large volumes of cold Tris-buffered saline (TBS; 10 mM Tris-HCl, 145 mM NaCl, pH 7). The pellet obtained was considered the total membrane fraction for sterol, fatty acid, and phospholipid determination.
Effect of HePC on promastigote growth. The effect of HePC on the growth of the L. donovani promastigote culture was observed microscopically by counting the number of cells as a function of the incubation time (24, 48 , and 72 h) and as a function of the HePC concentration (20, 10, 5, 2.5, and 1.25 M).
Cell fractionation and identification of plasma membranes. In order to obtain a fraction enriched with the plasma membrane, cell fractionation was performed by differential centrifugation by the method of Hasne and Lawrence (10) . Briefly, promastigotes were grown in 1 liter of medium as described above, and the parasites were harvested by centrifugation at 4,000 ϫ g for 5 min at 4°C and then washed three times with cold TBS and resuspended in 100 mM Tris/HCl, pH 7.5, containing 1 mM EDTA and 250 mM sucrose. The parasites were lysed by three cycles of freezing (Ϫ170°C) and thawing (37°C). Parasite breakage was assessed by phase-contrast microscopy. The lysate was centrifuged at 2,100 ϫ g for 10 min, and the pellet contained the plasma membrane-rich fraction. Tartrate-resistant acid phosphatase was used as a plasma membrane marker (27) . Membranebound and soluble acid phosphatases were measured at 37°C by using 5 mM p-nitrophenylphosphate in 50 mM acetate buffer, pH 5, in the presence and absence of 200 mM tartrate, respectively. Tartrate-resistant acid phosphatase was mainly recovered in the plasma membrane fraction.
Lipid extraction. Promastigotes were harvested during the late logarithmic phase of growth by three centrifugations at 4,000 ϫ g for 10 min each at 4°C and washing with cold TBS. The pellet obtained was resuspended in 1 ml TBS.
Total lipids were extracted from whole cells (total membranes), and the fraction was enriched for the plasma membrane by adding 2.50 ml of chloroform and 1.25 ml of methanol to the 1-ml parasite suspension. The mixture was left for at least 1 h. Five sonications for 30 s each were performed at 4°C with a sonifier cell disruptor. After centrifugation at 3,000 ϫ g for 5 min, the lower phase containing total lipids was collected and evaporated to dryness at room temperature under a constant flow of nitrogen gas. The lipids were stored at Ϫ80°C.
A check that only one extraction was sufficient for Leishmania was performed, and it was found that a second extraction of the pellet gave no detectable quantity of lipids.
Phospholipid determination. The phospholipid compositions of the total and the plasma membrane fractions were analyzed from the total lipid extracts by an improved high-pressure liquid chromatography method with a PVA-sil column and evaporative light scattering detector, as described by Gaudin et al. (7a) .
Sterol determination. The resulting pellet (total membranes) and the fraction enriched with the plasma membrane were resuspended in 20 ml of dichloromethane-methanol 2:1 (vol/vol) for about 24 h at 4°C. After centrifugation (11,000 ϫ g, 1 h, 4°C), the extract was evaporated under vacuum. The residue was saponified with 30% KOH in methanol at 80°C for 2 h.
Sterols were extracted from the organic phases three times with hexane, and after evaporation, the residue was dissolved in dichloromethane. An aliquot of clear yellow sterol solution was added to 2 volumes of bis(trimethylsilyl)trifluoroacetamide, and the sealed tubes were heated at 80°C for 1 h. The trimethylsilyl ethers of the sterols were subjected to gas chromatography/mass spectrometry analysis.
Fatty acid determination. Each aqueous phase of KOH methanolic extracts was acidified with 6 N sulfuric acid to pH 3. Fatty acids were extracted with hexane and transesterified with boron trifluoride-methanol at room temperature for 2 h. Methyl esters were extracted with hexane and redissolved in methanoldiethyl ether (1:1 [vol/vol]) prior to gas-liquid chromatography/mass spectrometry analysis. Gas-liquid chromatography was performed with a 5890 series II chromatograph (Hewlett-Packard) equipped with an Optima delta-3-0.2-m column from Macherey-Nagel (Düren, Germany) (methyl/phenylsiloxane ratio, 95/5; dimensions, 25 m by 0.2 mm). The carrier gas was helium (1 ml/min). Analysis conditions were as follows: the column was kept at 270°C, the injector was kept at 300°C (splitless mode), and the transfer line was kept at 300°C. The linear gradient for the methyl esters was from 150 to 290°C at 10°C/min for 18 min and from 290 to 350°C at 20°C/min for the last 3 min. An HP 5989 mass spectrometer (Hewlett-Packard) was used in the electron impact mode (70 eV); the ion source was set at 280°C.
PLD assay. The Amplex Red phospholipase D (PLD) assay kit provides a sensitive method of measuring membrane PLD activity in vitro. In this enzymecoupled assay, PLD activity is monitored indirectly by using 10-acetyl-3,7-dihydrophenoxasine, called the Amplex Red reagent. First, PLD cleaves the L-␣-phosphatidylcholine (PC) substrate to yield choline and phosphatidic acid. Second, choline is oxidized by choline oxidase (choline oxidase from an Alcaligenes sp.) to betaine and H 2 O 2 . Finally, H 2 O 2 in the presence of horseradish peroxidase reacts with the Amplex Red reagent to generate the highly fluorescent product resorufin (excitation and emission maxima, ϳ563 and 587 nm, respectively), an H 2 O 2 fluorogenic sonde (19, 37) . The kit is specific for membrane PLD enzymes, with optimal activity at nearly neutral pH (pH 8). Assays for this isoform of PLD in total and plasma membranes were performed continuously in a fluorescence 96-well microplate with a final reaction volume of 200 l per assay and a reaction time of 1 h. Purified PLD from Streptomyces chromofuscus and 10 M H 2 O 2 were used as positive controls.
To 100 l of sample (total and plasma membranes) or controls in each well were added 100 l of a reaction mixture containing the Amplex Red reagent at 100 M, horseradish phosphatase at 2 U/ml, choline oxidase at 0.2 U/ml, and PC at 0.5 mM. After 1 h of incubation at 37°C, the fluorescence was measured with a fluorescence microplate reader (LS50 B; Perkin-Elmer, United Kingdom) at an excitation wavelength of 530 nm and an emission wavelength of 590 nm.
A standard curve was obtained under the same conditions with commercial Streptomyces chromofuscus PLD (Sigma). Enzyme dilutions were prepared in order to obtain a range of concentrations from 10 to 400 mU/ml.
The PLD assay kit can detect PLD levels as low as 10 mU/ml. One unit of PLD is defined as the amount of enzyme that liberates 1.0 mol of choline from PC per minute at pH 8.0 at 30°C.
RESULTS
In the present study, we describe the biochemical modifications of the phospholipid, fatty acid, and sterol compositions in the membranes of Leishmania donovani WT and HePCtreated promastigotes in order to identify putative HePC targets in Leishmania lipid metabolism. Under our conditions, a 48-h incubation in the presence of 10 M HePC inhibited 66% of the culture growth, whereas an HePC concentration of 1 M had no significant effect on parasite growth (Fig. 2) .
Phospholipid determination. Seven phospholipid classes were identified in the total and the plasma membranes from L. donovani samples. These phospholipids are phosphatidylglycerol, cardiolipin, phosphatidylinositol, phosphatidylethanolamine (PE), PC, sphingomyelin, and lysophosphatidylcholine (LPC).
The phospholipid composition of L. donovani total membranes is shown in Fig. 3 . The major phospholipid was PC, which represented about 45% of the total phospholipid content. Whereas the phospholipid compositions of the WT strain and strain HePC-R were identical, treatment of the WT strain with 10 M HePC for 48 h was responsible for a 42% diminution in the amount of PC and a 19% increase in the amount of PE.
The phospholipid composition of L. donovani plasma membranes is shown in Fig. 4 . The most abundant phospholipid was PE (about 35%), and the phospholipid compositions of the WT strain and strain HePC-R were identical. When cells were treated with 10 M HePC for 48 h, we observed a 47% diminution in the amount of PC and a 25% increase in the relative amount of PE. In summary, Fig. 2, 3 , and 4 show a positive correlation between the effect of HePC on parasite growth and the phospholipid composition. Treatment of strain HePC-R with 1 and 10 M HePC did not modify the phospholipid composition (data not shown).
Fatty acid determination. In HePC-treated parasites, the C 16 fatty acid content in the promastigote membranes was decreased by 41% compared to that for the nontreated parasites (Table 1) . However, HePC did not exhibit a significant effect on the rate of unsaturation of fatty acid alkyl chains.
Sterol determination. The cholesterol content was two times higher in HePC-treated parasites than in the WT ( Table 2 ). The amount of cholesta-5,7,24-trien-3␤-ol was 32 times higher in HePC-treated parasites than in the WT, and the amounts of ergosta-7,24(28)-dien-3-␤-ol and ergosta-5,7,24(28)-trien-3-␤-ol in HePC-treated parasites were about 1/15 and 1/5 of those in the WT, respectively. Globally, the total C 24 alkylated sterol content in HePC-treated parasites was reduced by 43%.
Effect of HePC on PLD activity. The decrease in the PC content observed after treatment with 10 M HePC could be the result of PC degradation involving phospholipases. We decided to check whether PLD was involved in this process. HePC could be a PLD pseudosubstrate because of its chemical structure. Moreover, a PLD stimulation was described in tumoral cells by Wieder et al. (36) and Lucas et al. (16) after HePC treatment.
PLD activity was found to be the same in all strains: the WT, strain HePC-R, and the HePC-treated WT (data not shown). Therefore, PLD activity was not affected by the transient and long-term action of HePC.
DISCUSSION
The effect of HePC on lipid metabolism in cancer cells has been described previously (13, 14, 33, 35) , and it was interesting to investigate whether HePC has similar effects on Leishmania. Therefore, we report in this paper on an analysis of Leishmania donovani membrane lipids in parasites stressed with HePC at sublethal concentrations in order to know whether the mechanism of action of HePC in Leishmania pro- The phospholipid compositions of all membrane fractions were similar in WT and HePC-resistant Leishmania strains, as has been described in tumor cells (3) .
This study shows that PC metabolism in L. donovani promastigotes was significantly affected by HePC since a diminution in the amount of PC was found after a temporary HePC treatment. In addition, there is a causal relationship between PC biosynthesis inhibition and growth arrest, since HePC was observed to have no effect on strain HePC-R. From these results we can hypothesize that long-term HePC treatment has different consequences on lipid metabolism, suggesting the establishment of a regulation process in lipid metabolism.
At the level of PC biosynthesis, the reductions in the amounts of PC in L. donovani total and plasma membranes could be ascribed to the HePC inhibition of PC synthesis via CDP-choline pathways by acting upon CTP-phosphocholinecytidylyltransferase activity. PC synthesis via the CDP-choline pathway requires transport of the choline precursor from the host. This choline transport was first characterized in L. major promastigotes (38) . Those authors have reported that this transport is highly specific for choline and is inhibited by HePC and other molecules. This result is emphasized by observations obtained with other cells. Inhibition of exogenous choline incorporation to PC (de novo synthesis) by HePC was also observed in a large panel of cell lines (8, 9, 13, 23) . This inhibitory effect is the consequence of an alteration in CTP-phosphocholinecytidylyltransferase activity in tumor cells (13, 14, 33, 35) .
The increase in the relative amount of PE could be the result of the stimulation of CTP-PE cytidylyltransferase activity and/or the inhibition of PE-N-methyltransferase activity, which would also lead to a decrease in the amount of PC, as PC and PE are linked in the same biochemical pathway. As we observed a simultaneous decrease in the amount of PC and an increase in the amount PE, the inhibition of N-methyltransferase activity by HePC in L. donovani promastigotes is probably the more convincing hypothesis. Moreover, such a phenomenon induced by HePC has already been observed in the protozoan parasite Trypanosoma cruzi (15) , and the inhibition of N-methyltransferase activity by HePC has also been described in tumor cells (14) .
This study shows that transient HePC pressure did not exhibit consequences that were the same as those that we recently observed (26) after strong and durable HePC pressure. Thus, transient HePC pressure is responsible for a decrease in the amount of PC and an increase in the amount of PE, suggesting partial PE-N-methyltransferase inactivation, whereas such a phenomenon was not observed in strain HePC-R parasites. It seems that long-term pressure allows biochemical adaptation of the parasite.
In order to explain the PC degradation, we verified the possible involvement of PLD, as HePC has the chemical structure of a possible effector of PLD. Two isoforms of PLD with different subcellular localizations and optimal pH values were described in L. donovani promastigotes. PLD1 is localized in the perinuclear region with an optimal pH of 6; PLD2 is in the plasma membrane and has an optimal pH of 8 (4). We report in this study that PLD activity was not affected by HePC in L. donovani parasites. This result coincides with the observations of Berkovic et al. for a leukemic cell line (1). In contrast, it differs from those reported for other tumor cells, where HePC induced PLD stimulation (36) or modulation in the amount of PLD according to the HePC exposure frequency (16) . However, our result concerning PLD should be considered preliminary, and a more extensive enzymology investigation of PLD in L. donovani must be run to draw conclusions about the effect of HePC on PLD activity.
The reduction in the amount of PC in membranes could also be ascribed to an enhanced specific activity of phospholipase C-PC that results in the release of second messenger lipids putatively involved in cell signaling. This assumption is contra- dictory to the observation of HePC inhibition of PLC-PC specific for leukemia cells (2) . The LPC content in the total membranes of the WT parasite and strain HePC-R is about 8.5%, and it was considerably increased when the cells were treated with HePC at 10 M for 48 h. Classically, the presence of LPC is ascribed to PC degradation during sample preparation and/or assay. After the sonication process described in the experimental part of this study, no standard PC degradation was observed, suggesting that sonication was not responsible for the PC degradation. Since total membranes were directly obtained from the total cell extraction with organic solvents, creating conditions in which enzymes were inactivated, phospholipase A2 cannot be considered responsible for PC degradation.
Plasma membranes were found to contain an amount of LPC that represented about 30% of the total phospholipids, and treatment with HePC at 10 M did not affect this percentage. Whereas the LPC content in plasma membranes was not modified by HePC treatment, the content in total membranes was enhanced three times, suggesting the internalization of HePC and the potential activation of phospholipase A2.
We were not able to measure the PS content variation potentially induced by HePC treatment since the PS contents were under the threshold of detection of our method. In tumor cells, the biosynthesis of this aminophospholipid, which is asymmetrically distributed within the membrane, is unaffected by HePC (14) .
We used a saponification method to cleave phospholipids, releasing fatty acids whose alkyl chain lengths and unsaturation rates were analyzed by gas chromatography/mass spectrometry. The transient effect of HePC on fatty acid alkyl chains was completely different from those observed after continuous in vitro drug pressure. Whereas a transient action of HePC had no significant effect on the global C 16 and C 18 alkylated chain contents, continuous drug pressure was responsible for a significant increase in the C 16 alkyl chain content and a diminution of the C 18 alkyl chain contents (26) . Furthermore, transient HePC treatment had no effect on the unsaturation rate of fatty acid alkyl chains, whereas continuous drug pressure diminished the unsaturated fatty acid content (26) . These observations also suggest the possibility of the presence of a regulation system activated by a continuous drug pressure.
Treatment with HePC was responsible for an enhancement in the amount of cholesterol within the membranes of two times. Since cholesterol is not biosynthesized by the parasite but is taken up from the external medium, we can hypothesize that HePC promotes cholesterol uptake in promastigotes perhaps by the condensation effect between HePC and sterols that we described previously (25) . Such a phenomenon was recently described by using HePC-resistant L. donovani (30) . In addition, we previously found similar results using amphotericin B-resistant L. donovani (18) and atovaquone-resistant Leishmania infantum promastigotes (5), suggesting that these drugs with an affinity for sterols could participate in cholesterol recruitment within the membranes. Further experiments should be carried out to explain the role of cholesterol as a consequence or a cause of drug effect.
We found a decrease in the amount of C 24 alkyl sterols in HePC-treated membranes of about two times, even though the amount of the final C 24 sterol alkylation product, ergosterol, was not changed. Since the amount of cholesta-5,7,24-trien-3␤-ol was 32 times higher in HePC-treated parasites than in the WT and the amounts of ergosta-7,24(24 1 )-dien-3-␤-ol and ergosta-5,7,24(24 1 )-trien-3-␤-ol in HePC-treated parasites were about 1/15 and 1/5 of those in the WT, respectively, we can deduce that sterol alkylation occurs late in the pathway but has an efficient yield. The expression of the enzyme which catalyzes the incorporation of these alkyl groups, S-adenosyl-L-methionine-C 24 -delta-sterol-methyltransferase (SCMT), needs to be studied to understand this phenomenon. SCMT, which is an ideal chemotherapeutic target since C 24 alkyl sterols are absent from the sterol metabolism of vertebrates (32) , could be regulated by antileishmanial drugs. Thus, we previously described that SCMT is involved in the mechanism of amphotericin B resistance in Leishmania donovani (24) . Besides the involvement of SCMT, the modest level of accumulation of cholesta-5,7,24-trien-3␤-ol in treated cells cannot account for the marked reduction in the amount of mature sterols, suggesting a possible blockade at the prelanosterol level.
HePC was also described to inhibit the alkyl-specific acyl coenzyme A acyltransferase, an enzyme of the ether-lipid remodeling in Leishmania, at high concentrations (50 M) (17) . This study shows that transient HePC treatment significantly affects the lipid metabolism at the level of the polar head groups of phospholipids in L. donovani promastigotes. The effect of HePC on the phospholipid and sterol compositions of Leishmania membranes could be compared with the results obtained by Lira et al., who observed an inversion of the PC/PE ratio that was secondary to the altered sterol composition of the cell membranes in Trypanosoma cruzi (15) .
These findings for L. donovani are similar to those described by Lira et al. (15) for Trypanosoma cruzi and suggest that the selective activity of HePC on the Kinetoplastida could result from its effect on the PC biosynthesis pathway present in these cells (the Greenberg or the PE-transmethylation route) compared with that used in mammalian cells (the Kennedy or the CDP-choline pathway).
Further studies will focus on the enzyme systems suspected to be affected by HePC, such as PE-N-methyltransferase and phospholipase A2.
